In recent observations of Brownian motion of islands of adsorbed atoms and of vacancies with mean radius R, the cluster diffusion constant D c varies as R Ϫ1 and R Ϫ2 . From an analytical continuum description of the cluster's steplike boundary, we find a single Langevin equation for the motion of the cluster boundary, rather than three special cases. From this we determine D c and the correlation function G sh for fluctuations of the shape around an assumed equilibrium circular shape. In three limiting cases we find the scaling relations D c ϳR Ϫ␣ and, at early elapsed time t, G sh ϳt 1/(1ϩ␣) , where ␣ϭ1, 2, and 3, corresponding to the three generic surface mass-transport mechanisms of straight steps. We thereby provide a unified treatment of the dynamics of steps and of clusters. To check how well the continuum results describe clusters of the size in experiments, we perform Monte Carlo simulations of simple lattice gas models. Further, we estimate atomic diffusion parameters from the available experimental data on diffusion of large clusters. ͓S0163-1829͑96͒06239-X͔
I. INTRODUCTION
Characterizing the mechanisms of atomic mass transport on surfaces is crucial to the understanding of many important processes, such as epitaxial growth. A notable manifestation of surface transport is the diffusion of single-layer clusters. [1] [2] [3] [4] [5] [6] [7] [8] [9] Of the few experimental studies relating the diffusion of clusters to their size, most have considered islands of no more than a few tens of atoms. 2, 3 For such small clusters, the details of the geometry of the structure and the interplay of the many energy barriers for single-atom diffusion lead to complicated size dependence, which can confound interpretation in terms of atomic processes. Using scanning tunneling microscopy ͑STM͒ Trevor et al. 7 made one of the first direct observations of the diffusion of large vacancy and/or adatom clusters that are found on Au͑111͒ in electrolyte solution by scanning tunneling microscopy ͑STM͒. These clusters were in the range of 2 to 10 nm in diameter. Trevor et al. observed that the cluster diffusion constant D c decreases with the mean cluster radius R. Limited by their speed of observation, they were unable to characterize the decrease quantitatively. Recently, however, there have been three studies [4] [5] [6] in which the diffusion constant of the islands D c was measured as a function of large approximate island radius R. Morgenstern et al. ͑MRPC͒ ͑Ref. 4͒ studied singlelayer vacancy clusters on Ag͑111͒. Wen et al. ͑WCBET͒ ͑Ref. 5͒ studied adatom islands of Ag on Ag͑001͒. Figuera et al. 6 ͑FPOM͒ observed the motion of monolayer-deep vacancy islands on a Cu͑111͒ surface covered with submonolayer amounts of Co. In all three experiments the number of vacancies ͑atoms͒ in the island ranged from 10 2 to 10 3 . For such sizes it becomes meaningful to describe the step edge position by a continuous variable. We derive results here that show how the same processes that govern step fluctuations in the continuum limit also produce adatom and vacancy cluster diffusion, deriving a general expression for the cluster-size dependence of the diffusion constant D c of the cluster. Three limiting cases of this result were reported earlier in a Letter by Bartelt and us. 10 We also define and analyze an expression for a shape fluctuation correlation function; its scaling with time of observation of the clusters is found in the three limiting cases. These equilibrium fluctuations of steps on vicinal surfaces have been experimentally observed and analyzed in detail. [11] [12] [13] Their spatial and temporal correlations have also been characterized in the continuum limit using Langevin dynamics. [14] [15] [16] [17] [18] From the similar, but more general, Langevin analysis of clusters that follows, we show how the various mechanisms of atomic transport across the surface underlie the Brownian motion of clusters. By comparison with experiment, we check that this unification of coarsescale and atomic motion presents a fully consistent picture that is richer than the one obtained by scaling arguments 4, 5 alone or other theoretical attempts. [19] [20] [21] We describe the continuum approach to the problem in Sec. II. The results of simulations are presented in Sec. III. We discuss the relevance of the results to experiment in Sec. IV and summarize in Sec. V.
II. LANGEVIN ANALYSIS
Consider an isolated adatom and/or vacancy island whose center of mass undergoes random fluctuations. We assume that the fluctuations are entirely the result of the motion of the boundary of the island, defined in cylindrical coordinates by
where r and are the radial and azimuthal coordinates and t is the time. We assume that the lowest-energy configuration of the cluster is a circle of radius R. Under these conditions we can define a dimensionless variable g(,t) for the cluster boundary by
where r ᠬ CM (t) is the position vector of the island's center of mass, and r ᠬ CM (0) is taken as the origin. Expanding the center of mass r ᠬ CM (t) to first order in g(,t), one can show that
where D c is simplified by the Fourier representation g(,t)ϭ ͚ n g n (t)exp(in), with nϭ0,Ϯ1,Ϯ2 . . . The restriction that g Ϫn (t)ϭg n *(t) guarantees that g(,t) is real.
In analogy with the analysis for the single isolated step on a surface 15, 16, 22 we define the cluster edge free energy as
where the cluster-edge stiffness ␤ is assumed to be isotropic. It can be viewed as an ''effective'' surface tension of the cluster edge. Details of the derivation and how it differs from that of a straight step are sketched in the Appendix. The thermodynamic definition of the chemical potential is ϵ␦F/␦N, where N is the number of particles in the system. Similarly, Herring, Mullins, and others [23] [24] [25] further defined a chemical potential that depends on surface geometry. Analogous to such a definition of the chemical potential s for vicinal step edges, 24, 25 we assume that the chemical potential s due to the cluster edge is given by
where N is now the number of atoms and/or vacancies in the cluster and can be written in terms of the cluster area:
Here ⍀ is the area of the surface unit cell. Performing the functional minimizations in Eq. ͑6͒ ͑Ref. 22͒ from the forms of F given by Eq. ͑5͒ and N in Eq. ͑7͒, one gets, to linear order in g(,t),
This s is the driving potential for the mass transport of the cluster, as shall be seen shortly through Eq. ͑9͒. Caveats regarding the definitions of F and s are given in the Appendix. We apply the so-called radiation boundary condition in the adiabatic or quasistatic approximation. ͑See, e.g., Refs. 26-28.͒ We assume a steady-state concentration of adatoms on the upper and on the lower terraces of the cluster. Hence, the concentration does not depend explicitly on time. The diffusion equation for the adatom concentration c(r,) then becomes Laplace's equation. The incoming flux at a given point on the cluster edge consists of a normal component coming from the upper and the lower terrace and another contribution from motion along the cluster periphery. We make the linear kinetic assumption, which means that this incoming flux is linearly proportional to the change in concentration on the upper and lower terrace due to the presence of the step edge. The first two terms on the left-hand side of the following equation describe the flux from the periphery and the terrace, respectively. The right-hand side indicates the attachment rate of this flux to the boundary; the proportionality constant ⌫ is the mobility. Thus, the boundary conditions for the concentration are given by
͑9͒
For vacancy clusters, the right-hand side must be multiplied by an additional factor of Ϫ1. The ϩ (Ϫ) region is outside ͑inside͒ the closed step, i.e., where rϾr (rϽr ). Here m Ϫ1 is given by 
to get
We choose the noise such that
͑15͒
If one starts at time tϭ0 with a perfectly circular cluster, then the correlations of g at future time t are given by combining Eqs. ͑14͒ and ͑15͒:
We note here that the right-hand side of Eq. ͑16͒ vanishes as required at tϭ0, when the cluster is perfectly circular. If we express the free energy due to the cluster edge, Eq. ͑5͒, in terms of g n (t)'s, it follows from the equipartition of energy among the capillary modes g n (t) in equilibrium 29 that
Under these conditions
This result with Eq. ͑12͒ determines the second-order noise correlations completely. When t/ 1 Ӷ1 the exponential in Eq. ͑16͒ for the case nϭ1 can be expanded to first order in t. With Eq. ͑4͒ and Eq. ͑18͒ this gives
The above result with Eq. ͑12͒ for mϭ1 gives the value of D c for t/ 1 Ӷ1. Now suppose that t/ 1 Ӷ " 1. We argue that the diffusion constant remains the same as given above, based on the following reasoning. Let us write the center of mass position vector at some arbitrarily large time t M , as
We assume that r ᠬ CM (0) is the origin. Hence, we get
͑20͒
We choose the time intervals such that (t i Ϫt iϪ1 )/ 1 Ӷ1 and also M ӷ1. We assume that displacements at different times are uncorrelated if separated by time intervals greater than a few atomic events. Then the contribution from the double summation becomes negligible compared to the first sum. Thus even at long times, D c is given by the first sum, which evaluates to the ''short times'' expression in Eq. ͑19͒.
Having found D c , we now calculate the shape fluctuations of the cluster. We define a shape fluctuation correlation function G sh (t,tЈ) with tЈϪtϾ0 as
where ␦(t)ϵX(t)ϪY (t). X(t) and Y (t) are defined pictorially in Fig. 1 and are evaluated as X(t)ϭr(0,t)Ϫr(,t) and Y (t)ϭr(/2,t)Ϫr(3/2,t). We assume that we begin with a cluster for which the fluctuations of its boundary have already reached their equilibrium value given by Eq. ͑17͒ at time tϭ0. One gets, after some algebra and using Ϫm ϭ m , the relation FIG. 1. Schematic representation of a vacancy cluster undergoing fluctuations of its boundary. C is the center of mass of the cluster at time t. X(t) and Y (t) are dimensions of the cluster in an orthogonal coordinate system passing through C, defined to be the origin.
͑22͒
Equations ͑11͒, ͑12͒, ͑19͒, and ͑22͒ hold in general, i.e., when mass transport on the surface takes place along the cluster boundary as well as on the terraces. As is the case of ''straight'' steps ͑or the decay of surface profiles 25, 30 ͒, three limiting cases are of special interest, corresponding to three distinct mechanisms of mass transport occurring at the cluster boundary. These limiting cases lead to the scaling of D c with R and of G sh (t,tЈ) with the elapsed time tЈϪt. These are illustrated schematically in Fig. 2 and their description is now given.
Periphery or edge diffusion ( PD). When the mass transport occurs only along the edge of the boundary ͑and the number of atoms and/or vacancies in the island are preserved͒, we take D su ϭ0. Also if the rate limiting step is diffusion along the boundary, then the term of unity in the denominator of Eq. ͑12͒ is taken to be the dominant term to get 1/ n as
where c st is defined by c st ϵc su a Ќ .
Terrace or surface diffusion (TD). Suppose that the boundary of the island can emit atoms very rapidly, but atoms diffuse away slowly from the boundary. The ratelimiting step in mass transport is then the diffusion on terraces. We take D st ϭ0 with the term of unity in the denominator to be dominant to get 1/ n as
Furthermore, if carriers attach and/or detach from only one side, as is believed to be the case 4, 8 for Ag͑111͒, one must remove the factor of 2 in Eq. ͑24͒. This scaling behavior has also been derived analytically from a different atomistic perspective by Van Siclen 19 and also by Soler, 31 for ''correlated'' evaporation-condensation.
Evaporation and condensation limited diffusion (EC). In this case the rate-limiting step for mass transport is the random attachment and/or detachment of adatoms ͑or vacancies͒ at the edge of the boundary ͑from and/or to a reservoir of adatoms on the terraces or, in principle, in the vapor͒. Then one can ignore the constant term in the denominator and define ⌫ϭ"c su ⍀(⌫ ϩ ϩ⌫ Ϫ )…/2 to get 1/ n of the form
where ⌫, the step mobility, is proportional to the rate of random attachments ͑detachments͒.
13,29
The cases PD and EC are examples of models B and A, respectively, in dynamical critical phenomena. 32 From Eqs. ͑19͒, ͑20͒, ͑23͒, ͑24͒, and ͑25͒ we see that in all three cases the diffusion constant D c of the island or cluster is given by a relation of the form
where ␣ϭ3,2,1 for the case of PD, TD, and EC, respectively, and the corresponding expressions for D c0 are D st c st ⍀ 2 /, 2D su c su ⍀ 2 /, and ⌫/. Also the summation for G sh (t,tЈ) can in these three limiting cases be converted into an integral by taking a large-R limit, giving rise to the scaling with tЈϪt. This yields
͑27͒
͓Note that the ⌫ appearing in Eq. ͑27͒ is a gamma function and not the mobility.͔ This large-R leading term corresponds to an early-time expansion; there is no equivalent to Eq. ͑20͒ by which it can be extended to later times. Gruber 33 found an expression for D c corresponding to Eq. ͑26͒ for a threedimensional void diffusing in a solid in the case of PD. Generalizing his arguments to two dimensions, we obtained the same expression for D c as in our Langevin analysis of the PD case. In the three limiting cases, the Langevin equations for the velocity of the cluster boundary also simplify considerably. The expressions for n from Eqs. ͑23͒, ͑24͒, and ͑25͒ can be substituted back into Eq. ͑13͒ and the inverse Fourier transform performed. In these limits Eq. ͑13͒ then takes the real space form, ‫ץ‬g͑,t ͒ ‫ץ‬t ϭF͓g͑,t ͔͒ϩ͑ ,t͒, ͑28͒
where F͓g(,t)͔ is in general a functional of g(,t). The second-order noise correlations of (,t)) can also be calculated by taking the inverse Fourier transform of Eq. ͑15͒ with the use of Eqs. ͑18͒, ͑23͒, ͑24͒, and ͑25͒.
For the case of EC,
Schematic representation of the three types of diffusion mechanisms considered here. The large circle represents the average circular shape of a vacancy island on the surface. The solid line shows a fluctuation giving rise to a shift of the center of mass to the right. Two paths of the adatom motion marked TD ͑for terrace diffusion͒ and PD ͑for periphery diffusion͒ for the same initial and final position of the migrating atom are depicted with arrows. The atoms marked E and C represent the third mechanism of evaporation and condensation from the vacancy edge. The atom marked C is one that has just condensed onto the vacancy edge. The one marked E is the one that will soon evaporate from the edge. 
F͓g͑,t ͔͒ϭ ⌫␤
For the case of TD, F is nonlocal:
with ͗͑,t͒͑Ј,tЈ͒͘ϭ
S͑ϪЈ͒␦͑tϪtЈ͒.
͑34͒
Here S(x) is given by
and is a convergence factor to account for the nonvanishing lattice constant: Ϸa ʈ /R, where a ʈ is a lattice constant along the cluster boundary.
Since we have produced a general formalism not limited to the three special cases, we can examine the crossover from one regime to another. The crucial question is how narrow the crossover regions are, and thus how likely one is to observe them in experiments. Defining R su ϵD su ⍀/⌫ ϩ and
, and using Eqs. ͑12͒ and ͑19͒, we write for an adatom cluster where mass transport is only in the lower terrace,
The expression in large parentheses is essentially identical to that presented in an appendix by Bonzel and Mullins 25 in conjunction with the straightening of an isolated step. 34 The effective exponent ␣ defined by ␣͑R͒ϵϪ ‫ץ‬lnD c ‫ץ‬lnR ͑37͒
can be written as
In principle, then, for a large enough cluster one should always find ␣ϭ2, although this may well be unphysically large. The contour plot of ␣ in Fig. 3 illustrates all these ideas and demonstrates that the crossover region occupies a rather narrow portion of parameter space and so is unlikely to occur in an experiment. Moreover, if it does, one should see noticeable changes in the effective exponent as R is increased. Good scaling with ␣ 1,2,3 for over a decade suggests either experimental problems or physics beyond what is discussed in our analysis.
III. MONTE CARLO SIMULATIONS
The results of the continuum analysis demonstrate that the exponent ␣ is a signature of the microscopic mechanisms of mass transport involved in the diffusion of the island. To check how these results appear in lattice systems with realistic dimensions, we also performed Monte Carlo simulations of three simple lattice-gas models of the three types of mass transport. The goal in these simulations was not to replicate any real system; instead we formulated simple models tailored to exhibit the three kinds of behavior, and then tested ͑i͒ whether the appropriate scaling was achieved and ͑ii͒ if the prefactor was the predicted transport coefficient. The latter aspect involved computing this coefficient in the same model from a different perspective, by applying an external force and observing the response.
We used the standard Metropolis algorithm 35 on a square lattice with an ͑attractive͒ nearest-neighbor ͑NN͒ energy Ϫ⑀. Square lattices of dimensions (Lϩ40)ϫ(Lϩ40) were studied. An initially square vacancy cluster of dimensions LϫL was made by removing atoms around the center of the lattice ͑so RϭL/ͱ). The sides of this cluster were chosen parallel to those of the larger square. In all three models L was chosen to be 10, 20, 40, and 80 atomic spacings. Data were not taken until the energy of the cluster had dropped to near its steady-state value, implying that the shape had equilibrated.
In the model for PD, Kawasaki dynamics ͓i.e., singleatom hops to a neighboring ͑vacant͒ site͔ 34 was used with the restriction that adatoms were allowed to diffuse only along the edge of the island via next-nearest-neighbor ͑NNN͒ exchange between a vacancy and an adatom. The temperature was set at Tϭ0.6⑀/k B , high enough so that the equilibrium shape of the cluster was nearly circular and so that adatoms had good mobility, but well below what would be the roughening temperature in an SOS model with the same ⑀. For present purposes we define an isolated adatom ͑vacancy͒ site as one which has all four NN sites empty ͑occupied by atoms͒. On a perfectly straight step, a NN hop of an edge atom ͑by necessity normal to the step͒ causes the formation of an isolated vacancy and an isolated adatom. This process costs an energy 3⑀ and hence is very slow. If the isolated adatom now hops along the edge to remove the isolated vacancyadatom pair just generated, then it can do so with unit probability since the energy decreases ͑by ⑀). However, if the isolated adatom created does not hop along the edge before the vacancy penetrates the bulk, then we get bulk vacancy diffusion, which is prohibited in PD. ͑If an isolated vacancy were created, its hops in the surrounding area would happen with unit probability since they involve no energy change.͒ Also, most atoms on an equilibrated vacancy-island edge can make NNN hops but not NN hops without generating an isolated vacancy. The exclusively NNN-hop dynamics avoids these problems of very slow PD diffusion with NN hops and penetration of isolated vacancies into the bulk. 36 Any NNN hop which creates an isolated vacancy is also explicitly forbidden. So long as the diffusion is restricted to the periphery and is local, the exponent ␣ should be independent of the specific choice of dynamics.
In the model for TD, the lattice gas Hamiltonian was slightly modified so that the energy of an isolated adatom on the terrace within the vacancy island was assigned an energy of ⑀ rather than 4⑀. The modification allows the vacancy cluster edge to emit atoms very rapidly, thereby facilitating adatom motion across the vacancy island. An initial density of adatoms in the vacancy of about 5% was introduced to reduce the time needed for equilibration. Kawasaki dynamics 35 was again used, but now diffusion of adatoms was allowed only via nearest-neighbor exchange between a vacancy and an adatom. Furthermore, single vacancies were not allowed to break away from the vacancy cluster, thus preventing its breakup into parts. 37 The temperature was set at Tϭ0.5⑀/k B .
In the model for EC, Glauber dynamics ͑i.e., removal or addition of single atoms͒ was used with random attachment and/or detachment of adatoms allowed only along the edge of the island, at Tϭ0.6⑀/k B . In this dynamics the number of vacancies in the cluster fluctuates. For each value of L, the chemical potential of the reservoir was adjusted so that the mean number of vacancies comprising the cluster remained approximately the same as in the initial square configuration.
From the vacancy island simulations, plots of log 10 D c versus log 10 L were made in all the three cases. These plots with their best linear fits are shown in Fig. 4 were 0.26, 0.31, and 0.51 for the PD, TD, and EC cases, respectively, corresponding very well with the continuum Langevin analysis predictions of 1/4, 1/3, and 1/2.
One can deduce D c ϰR Ϫ␣ from scaling arguments ͑cf. Sec. V͒. Thus, to corroborate our physical picture, it is important to be able to calculate the prefactors independently to verify that we are actually obtaining the relevant atomistic diffusion constants D st , D su , and ⌫/a ʈ in the prefactors. a ʈ is a lattice constant along the step. In each case, to check the derived value of D c0 , we used the same Hamiltonians and dynamics, but instead of considering clusters, we applied a weak potential gradient F to straight steps ͑for PD and EC͒ or a flat terrace with adatoms ͑for TD͒ to compute the constituent diffusion constant D st , ⌫/a ʈ , or D su , respectively. The average velocity v of the diffusing species was calculated as a function of F, and the carrier diffusion constant obtained by applying the Einstein-Nernst relation Dϭk B T͉v͉/͉F͉. For PD, F was applied along ͑parallel to͒ the initial straight edge of a step with width wϭ40. For the TD case, F was applied along one direction of a flat step-free square terrace with an adatom density c su . For EC, F was applied perpendicular to an initial straight step of width wϭ40; in this case v refers to the average velocity of the whole step. The three diffusion constants D st , D su , and ⌫/a calculated from the set of simulations with F agreed to within 25% with their values obtained from the y intercepts (D c0 ) in Fig. 4 . The vacancy islands are finite in size. Also the Langevin analysis was done only to first order in g. Considering this finite size effect of the simulations and the linear approximation in the Langevin approach, we see that the agreement between diffusion constants obtained in the two ways is good. This agreement supports the appropriateness of the Langevin analysis of the simulations and, by implication, of the physical systems.
In a separate ͑Kawasaki 35 type͒ simulation, at each time step we removed an atom from one position along the boundary and immediately reattached it to the boundary at a random ͑with respect to the azimuthal angle͒ position, so that area is constantly conserved: ͛(,t)dϭ0. The resulting log-log plot had a slope of 1.97. However, this straightforward Monte Carlo approach assumes random sampling of periphery sites with ͑fixed͒ time interval. In fact, as the periphery grows, the chance of a move per site should stay constant, so the chance of a move per time should be proportional to the circumference, leading to another factor of R. Hence ␣ϭ0.97, as for EC ͑see Ref. 38͒. For small adatom islands ͑but not vacancy pits͒ another diffusion mechanism is possible on such faces, more generally on ͕111͖ fcc or ͕0001͖ hcp faces with adsorption in either threefold site. Here diffusion can occur rapidly by the passage through the island of a dislocation line between domains in each of the two kinds of sites. 39 For PD diffusion WCBET ͑Ref. 5͒ cite values of ␣ from early simulations 40, 41 in the range of 3 to 4. In these simulations the number of single atoms and/or vacancies in the islands was less than 10 2 . We believe that these values should converge to ␣ϭ3 for larger island sizes. WCBET ͑Ref. 5͒ also present heuristic arguments for obtaining the value of ␣ for EC and PD diffusion. Stimulated by the work of Pimpinelli et al., 42 MRPC ͑Ref. 4͒ give a similar explanation of the phenomenon. Though this approach predicts the correct exponents for the PD and TD mechanisms of diffusion, it does not readily provide precise quantitative information, such as the single atom diffusion constants and the step stiffness. While Shao et al. 43 have also studied the approach to the equilibrium shape of two-dimensional clusters on surfaces using Monte Carlo simulations, their emphasis is different. They probe the dependence of the time of equilibration of the cluster shape on the temperature and on the energy barriers for the motion of kink and corner atoms.
IV. ESTIMATES OF ENERGIES IN EXPERIMENT
This paper demonstrates that the phenomenon of surface diffusion of large islands can be viewed in a broader perspective: the cluster diffusion is a natural byproduct of the fluctuations of the bounding step. Observations of step fluctuations can then be used to make predictions about island diffusion. This approach also gives quantitative predictions for tracer diffusion constants from the observations of large island diffusion, as we illustrate for the three experiments at hand. The approximation that the ground state of the clusters is circular should be decent for temperatures at which the clusters diffuse, when they appear in STM images [4] [5] [6] as quite rounded polygons. The presence or absence of corners should be particularly important for PD, which has not been observed to date in quantitative experiments involving adatom or vacancy islands. While the activation barriers estimated in what follows are crude, they provide some confidence that the physical picture underlying the preceding formalism is sensible. It is not feasible to extract more precise values without independent information about quantities such as c su . Without independent information about the microscopics, any extracted energies should be viewed as effective rather than physical parameters.
In their study of adatom islands on Ag͑001͒, WCBET ͑Ref. 5͒ found ␣ϭ1. Using D c Ϸ10 Ϫ3 nm 2 /s for an island of 100 atoms, we find ⌫/aϷ1.8ϫ10 Ϫ2 nm 2 /s for the diffusion of a step on Ag͑001͒ at room temperature, where a is the surface lattice constant on the Ag͑001͒ surface. Approximating the diffusion prefactor by 10 11 nm 2 /s, 2 we obtain an activation energy of about 0.7 eV, which is a reasonable magnitude for a single atom detaching from a close-packed step on this surface. 44 In their study of vacancy clusters on Ag͑111͒, MRPC ͑Ref. 4͒ found ␣ϭ2. [45] [46] [47] [48] [49] [50] [51] we get E f ϭ0.43 eV, which has a reasonable order of magnitude. 44 Clearly, although the sum E f ϩE d may be obtained from fitting the Langevin-derived expression to the experiment, the subsequent breakup into two energies is problematic. From Fig. 3͑b͒ 44 The extraction of microscopic energies from statistical data such as the above needs some caution. As noted recently 52 the energies so obtained are only as good as the correspondence of the model proposed for analysis of the data with the microscopic physical reality. In short, the conclusion of this section is that the numbers one extracts from the simplest analysis are of plausible magnitude.
V. DISCUSSION AND SUMMARY
There have been other approaches to this problem which predict the form of the scaling of the cluster diffusion constant D c with its size. One of the first such arguments was given more than a decade ago by Binder and others 53, 54 in light of their simulation results of kinetic Ising spin models. Others have given similar arguments recently. 4, 5, 20, 21 They all essentially give dimensional scaling arguments to obtain the three values of ␣ϭ 1, 2, 3. In contrast to our approach, it is not clear how these results can be used to yield exact prefactors to extract microscopic energetics information from the experiment. An exact analytical expression for the scaling of the diffusion constant of the cluster D c with its size is given by Ref. 19 for four distinct cases which yield ␣ϭ 0, 1, 2, and 3. Our expression for D c given by Eq. ͑26͒ for the case of ␣ϭ1,3 agrees with that of Ref. 19 . For the case ␣ϭ2, our D c differs from his by a factor of 2. This factor arises because he considers adatoms attaching and/or detaching from the cluster edge only from one side. Our unification of the previously well-characterized step-edge fluctuations and large-cluster diffusion is not so evident in any of these alternative approaches. Moreover, the scaling of the shapefluctuations function with time emerges very naturally in our presentation. It is not so obvious how one would obtain this result from these alternative perspectives. 4, 5, [19] [20] [21] In all our work we have neglected any role of defects. In some cases, they evidently enhance the diffusion. 6 More often we expect them to hinder the motion and cause problems in comparing data for nearly straight and nearly circular steps on the same surface. At least on non-close-packed surfaces, the diffusion along close-packed step edges is typically much greater than across terraces. Nonetheless, the cluster motion may often be dominated by TD because the diffusing atom cannot readily move around corners. This barrier would likely be enhanced by impurities residing at corners. More generally, impurities can pin steps, 55 destroying locally the fluctuations that have dominated our attention in this work.
In summary, we have shown how the diffusion of large clusters is simply a corollary of the fluctuations of the cluster boundary. We have developed a general Langevin analysis of diffusion of large islands. In three limiting cases we can give detailed predictions for the scaling of the diffusion constant D c with the mean radius R. Furthermore, we can define a shape correlation function and explore its scaling with the time of observation in these cases. The scaling exponents signify the rate-limiting mass-transport mechanism involved. With Monte Carlo simulations we have illustrated the predictions of this continuum analysis in these limiting cases for surface mass transport. Finally, we applied the analytical predictions to the experimental data available and extracted single-atom diffusion constants. This approach allows us to measure atomic diffusion constants from observations of large-island diffusion.
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APPENDIX
As an alternative to Eq. ͑5͒, the exact definition of F can be written as
where ␤ is the free energy per unit length of the cluster edge and the dot on r indicates differentiation with respect to . The angle () is the direction of the local normal to the cluster boundary at the point "r(),…, so that for a circle ()ϭ. to lowest order in g. The first term is simply an additive constant Gibbs-Thomson term 56 that is not important for studying cluster diffusion and just shifts the reference chemical potential. The second term is what is given in Eq. ͑8͒. The angular average of the third term is zero. Moreover, it gives rise to cluster size instability: it causes the cluster either to grow without bound or to evaporate completely. [57] [58] [59] Experimentally the clusters are found to be stable over the time of observation. Hence we omit this third term.
